An efficient and eco-friendly injection-port tert-butyldimethylsilylated (TBDMS) derivatization and gas chromatographymass spectrometry (GC/MS) were developed to determine an antibacterial agent, triclosan (TCS), and its metabolite: methyltriclosan (MTCS), in wastewater and surface water samples. The effects of several parameters related to the TBDMS-derivatization process (i.e., injection-port temperature, residence time and volume of silylating agent) were investigated. This on-line derivatization-coupled large-volume (10 μL) sample introduction provides sensitive, fast and reproducible results for TCS residue analyses. Each water sample was extracted by reversed-phase C18 solid-phase extraction (SPE) cartridge, and then the recovery efficiency was evaluated using various eluting solutions. Limits of quantitation (LOQs) for MTCS and TCS were 3.0 and 1.0 ng/L in 100 mL of water samples, respectively. Intra-and inter-batch precision with their accuracy were also investigated. The precision for these analytes, as indicated by relative standard deviations (RSDs), proved to be less than 7 and 11%, respectively, for intra-and inter-batch. Accuracy, expressed as the mean recovery, was between 80 and 95%. The method was then applied to environmental water samples, showing the occurrence of TCS in both surface water and municipal wastewater treatment plant (MWTP) influent/effluent samples.
Introduction
Triclosan (TCS), 2,4,4-trichloro-2-hydroxydiphenyl ether, has been extensively used as an antibacterial agent in formulations of dental care products, cosmetics, detergents, and other household products. [1] [2] [3] [4] Methyltriclosan (MTCS) is a transformation product of TCS via a methylation process in the aquatic environment. 5 It has been detected worldwide in a variety of environmental samples, including indoor dust, surface water, and influents and effluents of municipal wastewater treatment plants (MWTPs), as well as sediment samples. [6] [7] [8] [9] [10] [11] [12] Because of their lipophilic properties, they have also been found in aquatic biota and foodstuff samples, such as salmon and cheese, 13 and even in breast milk, human plasma and urine samples. [14] [15] [16] [17] Although the concentrations of these residues in the aquatic environment is too low to pose an acute risk, the potential adverse effects from long-term exposure and the widespread use of TCS stimulated our interest in developing an efficient and reliable method to determine its presence and fate in aquatic environments.
Many analytical methods have been developed to determine TCS and MTCS in aqueous and solid samples. These approaches have been reviewed extensively by Peck. 18 Various sample preparation procedures (i.e., liquid-liquid extraction, solid-phase extraction (SPE)) combined GC/MS with electron-impact ionization or electron-capture negative ionization techniques, [6] [7] [8] [9] [10] [13] [14] [15] [16] or LC-MS/MS 11, 12, 17 have been developed as common methods to determine TCS and MTCS in water, plasma and milk samples. In order to enable high resolution of GC/MS analysis, one must perform derivatization to increase the volatility of TCS and to improve its chromatographic separation; however, the off-line diazomethane, tert-butyldimethylsilylated (TBDMS) or pentafluoro benzoate derivatization procedure is laborious and time-consuming. In previous studies, direct injection-port derivatization for the determination of a wide range of organic pollutants in various matrices has been successfully developed in our laboratory, [19] [20] [21] and also applied by other research groups;
22-24 this approach reduces solvent waste, simplifies sample preparation, and avoids the need for hazardous reagents.
Furthermore, the large-volume (10 μL) sample injection device has been used to improve the detection sensitivity, and to prevent the discrimination inside the syringe needle and injector liner from the injection of a small volume of sample.
This work presents a modified method to reliably and quantitatively determine TCS and MTCS residues in various water samples. The recovery efficiency of reversed-phase C18 SPE was used and results were then evaluated using various eluting solutions. The effects of the injection-port derivatization parameters were systematically investigated. The accuracy and precision of this method were evaluated and its effectiveness was demonstrated for the determination of TCS and MTCS in various water samples at trace-levels.
Experimental

Chemicals and reagents
Unless noted otherwise, all chemicals and solvents were obtained at high purity and used without further purification. Standards TCS, MTCS and p-terphenyl-d14 (used as an internal standard) were purchased from Sigma-Aldrich (Milwaukee, WI). A surrogate 13 C12-triclosan (purity >99%) was from Cambridge Isotope Laboratories (Andover, MA). N-Methyl-(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA) and N-methyltrimethyl-silyltrifluoroacetamide (MSTFA) reagents were purchased from Sigma-Aldrich. Acetonitrile, methanol, ethyl acetate, and dichloromethane of HPLC-grade were purchased from Tedia (Fairfield, OH). Stock solutions of each analyte (1.0 mg/mL) were prepared in methanol. Mixtures of the analytes for working standard preparation were prepared in dichloromethane. All stock solutions and mixtures were stored in the dark at 4 C. Deionized water was further purified using a Millipore water purification device (Billerica, MA).
Sample collection
Three sets of water samples were collected and used to evaluate the method. Four MWTP influents (average specific conductance, 4300 μS/cm; pH 6.7) and effluents (average specific conductance, 1200 μS/cm; pH 6.5) were collected at different months from the An-Ping community in the city of Tainan (Taiwan). This MWTP performs mechanical clarification and flocculation filtration; population equivalent 380000. A shower and laundry wastewater sample was directly collected from the outlet of a dormitory at National Central University, Taiwan (specific conductance, 440 μS/cm; pH 6.2), and three more water samples were collected from a ditch located 55, 200 and 450 m downstream from the outlet. Four river water samples (average specific conductance, 220 μS/cm; pH 6.6) were collected at different days from a river located 500 m downstream from the industrial effluents outlet of the detergent manufacturers located in Taichung County (Taiwan). All samples were collected in duplicate (500-mL for each) and shipped to the laboratory in ice-packed containers. Upon arrival, the samples were immediately passed through a 0.45-μm membrane filter (Advantec MFS, CA), adjusted to pH 3.0 by adding concentrated HCl to depress microbial degradation, and then stored at 4 C until analysis.
Sample preparation
Three commercially available SPE cartridges were tested: ENVI-18 SPE (Supelclean, 3 mL, 0.5 g, from Supelco, Bellefonte, PA), Oasis HLB (3 mL, 60 mg, from Waters, Milford, MA) and Isolute Env+ (6 mL, 200 mg, from IST, Mid Glamorgan, UK). Each cartridge was pre-conditioned with 3 mL eluting solution, and 3 mL of methanol and then rinsed by 3 mL of deionized water on an SPE manifold (VacMaster, IT Sorbent Technology, Cambridge, UK). For optimal procedure (see the Evaluation of SPE cartridges section), each water sample (100 mL; pH 3) was passed through the cartridge at a flow rate of about 3 -5 mL/min via a siphon tube with the aid of a vacuum. When the extraction was completed, the cartridge was washed with 2 mL 20% methanolic solution, and subsequently air-dried under vacuum for at least 10 min. The TCS residues were then eluted from the cartridge with 4 mL of various eluting solutions (i.e., dichloromethane, acetonitrile, ethyl acetate, methanol or ethyl acetate/dichloromethane (1:1, v/v)). The extracts were completely evaporated to dryness in a stream of nitrogen. The residue was redissolved in a solution (100 μL) of dichloromethane containing 0.2 μg/mL of p-terphenyl-d14 (as an internal standard), and subjected to injection-port TBDMS-derivatization GC/MS analysis.
GC/MS analysis
Analyses were performed using a Varian 3800 CX GC directly connected to a Saturn 2000 ion-trap mass spectrometer (Walnut Creek, CA). A ChromatoProbe (Varian) and a temperatureprogrammed injector (liner: 3.4 mm i.d.) were used to introduce large-volume samples for injection-port derivatization, as described elsewhere. [19] [20] [21] Briefly, a sample solution (10 μL) was mixed with MTBSTFA (1 μL) and introduced into a micro-vial (volume: 20 μL); the vial was placed into a ChromatoProbe vial holder, and then positioned in the GC injection-port. The temperature was held at 100 C for 2 min for TBDMS derivatization and solvent vaporization, and then the temperature was rapidly increased to 270 C to allow introduction of the TBDMS-TCS into the analytical column. A DB5-MS capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness; from Agilent, Santa Clara, CA) was used. The following GC temperature program was applied: hold at 120 C for 2 min; heat at a temperature ramp of 25 C/min up to 300 C; and maintain this temperature for 3 min. The temperature of the transfer line was set at 280 C. Full-scan electron-impact ionization (EI) spectra were acquired under the following conditions: mass range 150 -450 m/z, scan time 1 s, solvent delay 9 min, ion trap temperature 200 C, emission current 20 μA (at 70 eV electron energy), and an automatic gain control target set at 20000.
Results and Discussion
Evaluation of injection-port derivatization
To improve the chromatogram and to generate the optimal peak areas, silylation is a commonly used derivatization procedure when analyzing TCS by GC/MS. 7, 9, 10, 13 Owing to the availability and the possible dependence of derivatization efficiency on reagent selection, two silylation reagents (MTBSTFA and MSTFA) were initially evaluated regarding their reactions with TCS. Of the two reagents tested, MTBSTFA was selected due to its stable TBDMS-TCS product and excellent separation from MTCS, which is in agreement with the results reported previously. 9, 10, 13 Then, the effects of three on-line derivatization parameters (injection-port temperature, residence time, and volume of silylating agent co-injected with the sample) were evaluated, and the derivatization efficiency was compared with the abundance of the GC/MS peak area of the TBDMS-TCS product. For TBDMS-TCS, the intense ions of [M-C(CH3)3] + with significant chlorine isotope patterns were observed by EI-MS analysis; therefore, they could be used as the quantitation ions to obtain maximum detection sensitivity and specificity for evaluation of the derivatization efficiency (Table 1) . Figure 1 (a) reveals that the abundances of the TBDMS-TCS increased when the injection-port temperature increased from 90 to 100 C, but decreased thereafter. Thus, the effect of the residence time was evaluated at a temperature of 100 C. The highest yield was achieved at a residence time of 2 min ( Fig. 1(b) ); for residence times longer than 2 min, the abundances of the TBDMS-TCS decreased. This phenomenon might be due to the TBDMS-TCS escaping from the injection-port at the higher temperatures and longer residence times when the TCS completely converted to TBDMS-TCS. Next, the effect of the volume of silylating reagent co-injected with the sample was also evaluated; we found that the abundances were similar when the volume was within the range from 1 to 4 μL (data not shown). Therefore, the following derivatization conditions for our subsequent experiments were selected: addition of 1 μL of MTBSTFA to 10 μL of the sample extract and then heating the mixture at 100 C for 2 min in the injection-port. No retention effect of the silylating reagent, nor any thermally degraded components from the sample matrix in the injection-port were detected because a disposable micro-vial was used for sample introduction. Sharp and symmetric peaks remained visible after more than 50 sample injections.
Evaluation of SPE cartridges
Three commonly used SPE cartridges were investigated to determine the optimal sample extraction procedures. 18 The effectiveness of SPE cartridges were evaluated initially to extract TCS and MTCS from spiked deionized water samples (final concentration 20 ng/L). Table 2 shows that, in the comparison of Isolute Env+ and Oasis HLB cartridges, the hydrophobic ENVI-18 SPE cartridge yielded the best results: above 92% mean recovery rates for both analytes, which is in agreement with the results reported by Agüera et al. 25 Dichloromethane mixed with ethyl acetate (1:1, v/v) was used as an eluting solution for the SPE evaluation procedures. 18 Although the mean recovery rates of Oasis HLB were above 88%, the ENVI-18 SPE cartridge was chosen in this study because it is widely available and inexpensive. Thereafter, various eluting solutions were then applied to determine the best extraction efficiency. Figure 2 reveals that dichloromethane alone (3 mL) was an effective eluting solvent for TCS and MTCS, in which no ethyl acetate was required. The recoveries of TCS and MTCS from spiked deionized water samples were 105 and 101%, respectively, while RSDs were less than 7%. A breakthrough for the extraction of 200 mL of a spiked deionized water sample was made using tandem cartridges, and no significant amounts of analytes (<1%) were detected in the eluting solvent from the second cartridge. To determine the efficiency and precision of the method, we further evaluated the recovery from RP-C18-SPE using three replicate analyses with various water samples from various sources, as described in the Applications section.
Method evaluation
To estimate the efficiency and the feasibility of applying the developed method to the analysis of water samples, we investigated the analytical characteristics of the RP-C18-SPE method coupled with GC/MS in terms of its linear response range, repeatability, and limits of quantitation. Table 1 lists the results. For MTCS detection, the intense molecular ions with significant chlorine isotope patterns and the relative abundance of characteristic [M-OCH3] + ions were observed, therefore, such ions can be used as the quantitation ions for MTCS determination by EI-MS (Table 1 ). The ranges of linearity for these analytes were calculated from five-level calibration curves (three replicates for each level); the system had been calibrated using the internal standard method. The precisions of the curves, as indicated in terms of the relative standard deviations (RSDs) of the response factors, were less than 9%, and the coefficient of estimation (r 2 ) exceeded 0.9980. The curve covered a range equivalent to the concentrations of the analytes 88 (5) 72 (8) 95 (6) 89 (8) 69 (7) a. Mean spiked recovery values (n = 3). b. Relative standard deviations (%RSD) are given in parentheses (n = 3). Final spiked concentration is 20 ng/L for each analyte.
in 100 mL water samples after the extract was concentrated to 100 μL. The limit of detection (LOD), defined as the concentration that yielded an S/N ratio of higher than or equal to 3, and the limit of quantitation (LOQ), defined as the concentration that yielded an S/N ratio of higher than or equal to 10, were determined by the SPE extraction of the spiked deionized water samples. LOD values were 1.0 and 0.4 ng/L, and LOQ values were 3.0 and 1.0 ng/L, for MTCS and TCS, respectively ( Table 1 ). The intra-and inter-batch precisions, as well as the accuracies, were evaluated. The intra-batch precision was determined by analyzing five spiked river water samples-4 on the same day (n = 5). The inter-batch precision was evaluated by determining five replicates on four consecutive days (n = 20). The accuracy was evaluated by comparing the mean recovery from 5 or 20 analyses to the nominal concentration value. Table 1 also indicates that the intra-and inter-batch precisions (RSDs) for the analytes were all less than 10%. The accuracies, determined as the mean recovery, ranged from 80 to 95%. These data reveal that the RP-C18-SPE method coupled with large-volume injection-port derivatization GC/MS ensures good repeatability with excellent linearity and sensitivity for the quantitation of MTCS and TCS in water samples. Tables 3 and 4 list the recovery rates of the spiked water samples and the concentrations of TCS residue detected in various water samples.
Applications
Identification of MTCS and TBDMS-TCS peaks was performed through comparison of the retention times and the MS spectra of the standard solutions; the quantities were calculated using the response factor. For MWTP influent and effluent samples (Table 3) , the spiked recovery values of the analytes ranged from 60 to 99% with the RSD ranging from 2 to 13%; for ditch and river water samples (Table 4) , these ranges were 65 to 110% and 2 to 12%, respectively. Average spiked recovery rates (n = 16) for TCS, (6) n.d. 62 (4) n.d. 96 (2) n.d. 62 (8) n.d. 87 (5) n.d. 62 (9) n.d. 68 (13) n.d. 62 (9) n.d. 82 (2) 61 (3) 83 (10) 72 (10) 83 (10) 77 (10) 82 (7) 65 (12) 85 (7) a. Original concentration (ng/L) of analytes found in samples (n = 1). b. Spiked mean recovery values (%, n = 3) at final concentration of 100 ng/L for each analyte. c. Relative standard deviations (%RSD) are given in parentheses (n = 3). n.d., not detected at LOQ, as listed in Table 1 . (4) n.d. 87 (7) n.d. 86 (8) n.d. 84 (10) n.d. 75 (9) n.d. 78 (12) n.d. 72 (9) n.d. 72 (6) 98 (3) 83 (2) 77 (10) 76 (5) 97 (1) 82 (6) 99 (6) 80 (10) a -c. Same as in Table 3 . d. Three ditch water samples: ditch water sample-1, -2 and -3, were collected from a ditch at locations 55, 200 and 450 m downstream from the outlet, respectively. e. Four river water samples were collected at different days from a river at locations 500 m downstream from the industrial effluents outlet of the detergent manufacturers. n.d., not detected at LOQ, as listed in Table 1 . MTCS and surrogate ( 13 C12-TCS) were 85 ± 16%, 75 ± 11%, and 81 ± 10%, respectively, indicating that the method performed satisfactorily despite the variable compositions of the environmental samples. Table 3 lists the levels of TCS detected in the samples of influent and effluent collected from the same MWTP at different months. TCS was detected in all the influent and effluent samples ranging from 188 to 280 ng/L and 13 to 80 ng/L, respectively. Although the samples provide only limited information to evaluate the efficiency of MWTP, on the basis of concentrations measured for influents and effluents collected on the same day, it appears that TCS is effectively removed in the studied MWTP. This result is in agreement with the results reported previously; 6-9 however, in those studies, the level of TCS in influent samples reached levels as high as 3000 ng/L. Table 4 lists the levels of TCS detected in the shower and laundry wastewater samples and the water samples from the ditch which receives that wastewater, as well as the river water samples collected at different days located 500 m downstream from the industrial effluents outlet of the detergent manufacturers. A high level of TCS (1300 ng/L) was detected in the shower and laundry wastewater, while related lower levels of TCS were detected in ditch and river water samples raging from 2 to 70 ng/L. Surprisingly, no MTCS was detected in these wastewater and river water samples. Figure 3 displays the GC/MS chromatograms of (a) the non-spiked influent-I, (b) the non-spiked shower and laundry wastewater, and (c) the spiked influent-I samples. Unlike off-line derivatization methods reported in previous studies, 6 ,7,9,10,13 -16 this injection-port derivatization directly provides TBDMS-derivatization coupled with sample introduction and GC/MS detection; therefore, the additional reaction time of derivatization is unnecessary.
Conclusions
An efficient and reliable reversed-phase C18 SPE coupled with large-volume injection-port derivatization GC/MS has been developed to determine MTCS and TCS in various water samples. This method provides good precision, a wide range of linearity, and sub-ng/L level detection limits. Injection-port derivatization with large-volume sample introduction appears to be a good alternative derivatization method for the determination of organics containing -OH group(s) because it is quick, effective, and eco-friendly. Our preliminary results reveal that TCS is ubiquitous in MWTP influents and effluents, as well as in various aquatic samples in Taiwan. This method might be of use for surface water protection programs and further environmental studies of the MTCS and TCS residues burden in Taiwan.
